This paper investigates whether or not two persistent diesel dogmas, namely ''the higher the cetane number (CN) the better" and ''the lower the aromaticity the better", still ring true when a compression ignition engine is operated in the low temperature combustion (LTC) regime. The transition from conventional, high temperature combustion (HTC) to LTC is realized in a step-wise approach by increasing the level of exhaust gas recirculation, reducing the compression ratio and by lowering intake pressure. The fuel matrix spans a range of both aromaticity and CN. All experiments are conducted on a modified DAF heavy-duty compression ignition engine.
Introduction
When the investment decision was made to construct gas-toliquid plants (GTL) plants, the conventional wisdom held at the time was the higher the cetane number (CN) the better. For most of the compression ignition's (CI) history, this has proven to be correct. The underlying causality, however, is a bit more complex. As refineries invested heavily in cutting aromatic fractions, soot emissions dropped and engines ran smoother. These phenomena coincided with a rise in CN, a collateral result of removing the intrinsically low reactive aromatics from the cut. Given that this positive correlation between CN and overall engine performance was long accepted as a causality in the combustion community, it is not surprising that later GTL plants -as is frequently emphasized in associated marketing campaigns -were designed to produce as high CN as possible, limited only by a maximum paraffinic chain length owing to cold flow (e.g., wax forming) considerations.
Pertaining to the virtues of high CN, contradictory results are found in literature. On the one hand, some researchers argue that the CN should be as high as possible [1] [2] [3] [4] , while others report that a low CN is preferable [5] [6] [7] [8] [9] [10] [11] . To compound matters further, earlier in-house research [12] [13] [14] demonstrated that lowering the CN by adding oxygenated aromatics to the fuel can improve the soot-NOx trade-off, particularly when operating in LTC mode. Other researchers also found that CN and aromaticity can have either a positive or negative impact on soot and NOx emissions.
Wang et al. [15] , who modeled soot emissions for a variety of fuels and engine operating conditions, concluded that aromatics can have both a positive and negative impact on soot emissions. On the one hand, the authors report that toluene greatly enhances poly aromatic hydrocarbons (PAH) and soot production. Conversely, improved mixing owing to longer ignition delays (ID) intrinsic to the lower CN of the toluene blends has a mitigating impact on soot.
More evidence of this duality is found in a review paper on GTL by Gill et al. [16] , wherein the authors noted that while 79 of the reviewed studies reported a positive impact of low aromatics and high CN on soot, in 16 there was no such benefit found and in 5 even increased soot emissions were observed. The authors attributed the poor performance in the latter two sets of studies to less time available for mixing ahead of the combustion event as a result of the relatively short ID incurred by high CN fuels in general.
The impact of CN and aromaticity on the soot-NOx trade-off is presented in Table 1 for various engine studies [1] [2] [3] [5] [6] [7] 12, [17] [18] [19] [20] [21] [22] [23] , which are grouped according to the combustion regime in question, from high (HTC) to low (LTC) temperature. From the summarized results, two main conclusions may be drawn.
First, irrespective of combustion regime and given a constant CN, a higher aromaticity in all cases has a negative impact on aforementioned trade-off. Second, while beneficial under HTC operating conditions, high CN yields diminishing and even negative emissions returns as combustion temperatures fall. Importantly, this trend appears to hold regardless of compression ratio (CR), engine size or fuel matrix.
As may be inferred Table 1 , the trends in the reviewed literature are predominantly qualitative in nature.
The goal of this paper is to introduce a new, dimensionless parameter P that holds distinct values for the various combustion modes and can thus predict either a positive, neutral or negative impact of high CN and low aromaticity on the soot-NOx trade-off based on a given set of engine operating conditions. To this end, engine tests will be conducted for a fuel matrix, spanning a wide range of CN and aromaticity, under both LTC, HTC and transitional regime operating conditions on a modified DAF heavy-duty CI engine.
Methodology

Experimental setup
The heavy-duty direct injection (HDDI) diesel engine used for the measurements is based on a DAF engine. A schematic representation of the test setup is shown in Fig. 1 . It is a 12.6 l, inline 6-cylinder engine (Table 2 ). More detailed information can be found in [14] . Cylinder 1 is a dedicated test cylinder, the second and third cylinder have no function, and the remaining 3 cylinders are used to rotate the crankshaft to the desired RPM.
Fuel matrix
Standard diesel (EN590, DS52) is compared to both a high and low CN GTL fuel ( Table 3 ). Note that the abbreviation of these fuels, FT, refers to Fischer-Tropsch, the process via which these fuels have been produced from natural gas. The most important difference, with respect to composition, between GTL and diesel is the absence of aromatics in the former. The main variable amongst the GTL fuels is the CN, varying from a diesel-like CN of 52 to a value as high as 72. The spread in CN can be traced back to differences in molecular size and structure.
FT52 comprises mainly relatively low CN C12-C17 iso-paraffins, whereas predominantly high CN C8-C22 n-paraffins are found in FT72. More details on the composition of the tested GTL fuels, obtained by means of gas chromatography mass spectrometry (GC-MS), can be found in Appendix A.
Design of experiments
Engines running without exhaust gas recirculation (EGR) in a so-called hot combustion mode, or MODE 1 in this paper, can have local peak temperatures in excess of 2700 K [7, 23] . Today, most engine manufacturers, however, apply moderate to high levels of EGR to decrease otherwise high NOx levels (MODE 2).
In-cylinder temperatures can be reduced further still by lowering the intake air pressure (MODE 3). This is possible by maintaining a constant equivalence ratio that translates into lower loads for reduced intake pressures. Lower loads, ahead of the combustion event at least, are expected to manifest in lower wall temperatures and, ultimately, lower in-cylinder temperatures.
Finally, in MODE 4, the CR is reduced to lower in-cylinder temperatures further still.
In Fig. 2 , the key variables in terms of operating conditions (e.g., in-cylinder temperature) and fuel properties (e.g., aromatic content and CN) are plotted schematically in a design of experiments or DoE graph.
Experimental procedure
To mimic highway cruising at a constant 80 km/h, taking into consideration a typical transmission ratio, the engine speed is fixed at 1200 RPM. Prior to each experimental cycle, the engine has to run stable at steady state conditions, requiring engine lubrication and coolant water temperatures of 90 and 85°C, respectively. A single injection per cycle is applied at a pressure of 1500 bar. The exhaust gas is cooled to approximately 30°C in the EGR experiments.
In MODE 1, all operating conditions are kept constant, save for the injection timing and injection duration. While operating in MODES 2-4, the injection duration is fixed and lambda is now allowed to vary between 1 and 2 as a function of EGR. In all MODES, the start of injection (SOI) is adjusted so as to maintain a constant crank angle at which 50% of the fuel is consumed (CA50) at 10 crank angle degrees after top dead center (CAD aTDC).
ID is defined for all MODES as the time, expressed in CAD, between the start of injection (SOI) and start of combustion (SOC). Hereby, SOI is the CAD at which the fuel first enters the combustion chamber and SOC as the moment when the heat release rate first rises above the threshold of 50 J/CAD.
An overview of the operating conditions in all four MODES is presented in Table 4 . Associated data on accuracy is summarized in Table 5 and in Appendix E the repeatability is described.
In MODES 1 and 2, the CR and intake pressure are 15.7 and 1.5 bar, respectively. In order to realize the transition to MODE 3, the intake pressure is lowered to 1 bar, while maintaining the same lambda as is the case for MODE 2. In MODE 4, the lower intake pressure is maintained and LTC is further facilitated by lowering the CR to 14.9. Cetane 
Results
This section is divided into four parts, MODES 1-4, and concentrates on the soot-NOx trade-off. Corresponding data on efficiency and CO/HC emissions can be found in Appendices B and C, respectively. Appendix D provides an overview of the impact of MODE on the soot-NOx trade-off. 1. The injection event starts at the same time for all fuels (in this particular case). However, the rise in heat release varies for the different fuels because of the different ignition delays. This important parameter will be shown for all the modes together with its consequences. 2. The first or left peak in the combustion process is noticeably less pronounced for the high CN GTL fuel when compared to DS52 and FT52 (Fig. 3 , left arrow). This peak is closely related to the magnitude of the ID and is indicative of premixed combustion. After the start of injection, fuel mixes with air and when critical (cumulative) auto-ignition limits are reached, the fuel combusts rapidly. Following this premixed phase, the combustion mode switches to mixing-controlled or diffusive combustion, characterized by the second, now lower peak (Fig. 3 , right arrow).
ID has a pronounced impact on the emission formation process. Typically, soot emissions increase with a decreasing ID, owing to a lower degree of premixing. The relation between NOx and ID is less straightforward. A lower premixed peak (e.g., short ID via high CN) generally translates into decreased NOx emissions. However, the ensuing diffusion combustion phase can nullify this effect depending on engine configuration and fuel specifications [24] . Fig. 4 shows the ID as a function of both load or indicated mean effective pressure (IMEP) and CN. As might be expected based on their similar CN, DS52 and FT52 have a comparable ID at all loads, which in all cases is significantly longer than those observed for the high CN GTL fuel.
Pertaining to soot (measured as (indicated specific) PM), the trend in Fig. 5 shows an increase with load as lambda approaches 1 (i.e., stoichiometric combustion). When comparing the GTL fuels, no significant differences are observed. DS52, however, generates markedly higher emissions, particularly at higher loads. NOx emissions as a function of load and CN are plotted for MODE 1 in Fig. 6 . Note that NOx in all cases is well above legislated limits, owing, at least to a large extent, to the omission of EGR. Differences amongst the fuels is relatively small, with only FT72 showing a slightly higher NOx output that can be traced back, in part, to a higher diffusion combustion peak in Fig. 3 .
Characteristic to diesel engines is the so-called diesel-dilemma or soot-NOx trade-off. The origin of this trade-off is quite straightforward. As prevailing combustion conditions are more conducive for soot oxidation (i.e., hotter), more atmospheric nitrogen is burnt to NOx. Naturally, the opposite trend holds for cooler combustion conditions. Shown in Fig. 7 , this trade-off is plotted for MODE 1, with the arrow pointing into the direction of higher loads.
Comparing the fuels in Fig. 7 , the low aromaticity GTL fuels outperform conventional diesel, particularly at the highest loads where the equivalence ratio approaches unity. As is clear from the normalized data in Fig. 8 , the relative differences amongst the fuels remain nearly constant over the whole load range.
MODE 2
As stated earlier, EGR is required to realize the transition from MODE 1 to MODE 2. The results of this MODE will be confined to the ID and normalized soot-NOx trade-off. Fig. 9 depicts the ID as a function of CN and EGR. With low amounts of EGR, both low CN fuels yield a similar ID, as was the case earlier in MODE 1. As EGR is increased, however, the ID of DS52 becomes longer compared to FT52.
In Fig. 10 , the primary purpose of EGR is clearly visible, with NOx emissions dropping as more EGR is applied. In MODE 2, more or less the same ranking is observed as was seen earlier in MODE 1, with both GTL fuels outperforming DS52 with respect to the sootNOx trade-off. As was true in MODE 1, this benefit holds for both GTL fuels.
MODE 3
As can be seen in Fig. 9 , the ID spread amongst the GTL fuels is relatively small (1 CAD at 30% EGR). It is believed that fuel identify with respect to ID under equal operating conditions will become more apparent as the combustion mode becomes even more premixed, owing to longer ID's. To this end, in MODE 3, the intake pressure, while maintaining an equal lambda as used in MODE 2, is lowered to roughly 1 bar. Fig. 10 . Normalized (e.g., to DS52) PM emissions as a function of NOx and EGR in MODE 2. Fig. 11 shows an increase in ID compared to values observed for MODE 2 (Fig. 9 ). This is particularly the case for the low CN fuels at 30 wt.% EGR, for which conditions the premixed phase is most pronounced.
EGR increase
When comparing the relative soot-NOx performance of all fuels in MODE 2 ( Fig. 10 ) and MODE 3 ( Fig. 12) , it is clear that the cooler conditions of the latter MODE impact the ranking. Whereas in MODE 2 both GTL's outperform diesel at all NOx levels, now this is only the case for the lower CN GTL. There are clearly two competing effects in play here, with low CN improving mixing conditions, thereby suppressing soot, while the aromatics in DS52 still tend to act as soot precursors. Interestingly, these effects now appear to cancel each other out, accounting for the comparable performance of DS52 (low CN with aromatics) and FT72 (high CN without aromatics). By the same token, the obvious winner in this MODE, FT52, having both low CN and no aromatics, shows ever more pronounced benefits over the other fuels as conditions become less reactive still as EGR levels increase further.
MODE 4
To increase the ID further still, in-cylinder-temperatures should be lowered even more. To this end, the compression-ratio is decreased from 15.7 to 14.9 in MODE 4.
In Fig. 13 , the ID is plotted against CN and EGR. When compared to Fig. 11 , the average ID has indeed become even longer. Again, ID increases with EGR, translating once more into lower soot emissions for all fuels. However, for the first time, the use of high CN GTL results in a penalty in the soot-NOx trade-off when compared to DS52, notwithstanding the presence of aromatics in the latter fuel (Fig. 14) . On average, FT52 shows a similar level performance improvement over DS52 as was observed in MODE3 (Fig. 12 ).
Discussion
Aromaticity
In all non-EGR cases (MODE 1 and 0% EGR in MODES 2-4), the ranking in ID corresponds well with the measured CN (Table 3) . At higher EGR rates (>15%), however, the ID of DS52 is marginally longer compared to the similar CN fuel, FT52. It should be noted here that all CN values in Table 3 have been determined by means of an ignition quality tester (IQT) in accordance with ASTM D6890.
The data suggests that the absence of EGR in the IQT protocol and the presence of EGR in MODES 2 thru 4, combined with the different chemical compositions of the two low CN fuels, somehow gives rise to reduced reactivity of the former relative to the latter fuel.
Although not determined here, it is reasonable to assert that the presence of highly sensitive (i.e., of auto-ignition chemistry to temperature [25] ) aromatics in DS52 (Table 3 ) and the, by definition, zero sensitivity of the wholly paraffinic FT52 (Table 3) , might account for the aforementioned discrepancy in ID behavior.
Indeed, when switching from MODE 3-4 -compare Figs. 11 and 13 -the ID increases less for the insensitive FT52 than is the case for the sensitive DS52. For example, at 30 wt.% EGR, the ID increases from roughly 7.8 to 8 (0.2) CAD and 8.9 to 9.8 (0.9) CAD for FT52 and DS52, respectively, when switching from MODE 3-4. It is well known that both modern turbo-charged, DI sparkignition or DISI engines favor fuels with a high sensitivity, owing to their high knock resistance in the associated low temperature premixed combustion modes [25] .
The data in this paper suggests that DICI engines too fare better when fueled with a highly sensitive fuel, notwithstanding the fact that DS52 has a far higher CN compared to those used in [25] and that unlike the engine types studied there, here the combustion is not fully premixed, even at the highest EGR rates in the coolest combustion MODE 4.
Aromaticity versus cetane number
In MODES 1 and 2, the variation with respect to soot-NOx performance amongst FT52 and FT72 was marginal, while that of these GTL fuels relative to DS52 was in fact quite pronounced (Figs. 8 and 10 ). Note that in both MODES FT52 and FT72 demonstrated superior soot-NOx trade-offs over conventional diesel. Given that absence of aromatics in FT52 and FT72 (Appendix A) and the wide range in CN spanned by the two fuels, it is fair to assume that aromaticity is the dominant of the two fuel properties with respect to the prevailing soot-NOx trade-off.
To make this assumption more tangible, the differences in soot emissions between fuels, referred to here as Delta_PM (Fig. 15) , is calculated for the low CN fuels DS52 and FT52 (Delta_PM_AROM) and for the GTL fuels (Delta_PM_CN). Delta_PM_AROM covers a spread in aromaticity (e.g., 0-14.5, Table 3 ) at an equal CN of 52. Delta_PM_CN covers a spread in CN (e.g., 52-72, Table 3 ) for a constant (zero) aromaticity.
The ratio of the two Delta_PM values, denoted here as P (1) , is plotted in Fig. 16 for all fuels and NOx levels. Note that a value above unity suggests that aromaticity plays a dominant role. Conversely, a value lower than 1 implies that the role of CN outweighs that of aromaticity. In Fig. 16 , it can be seen that, for any given NOx level, as average in-cylinder gas temperatures fall with increasing MODE #, owing to chiefly EGR and a lower CR, the aforementioned ratio drops from well above unity to near zero. Another observation from Fig. 16 is that the ratio correlates better with NOx in the hot MODES 1 and 2 than in the cooler MODES, with the ratio generally decreasing with declining NOx emissions.
MODES 1 and 2
In MODE 1, no EGR is applied and therefore the minimum NOx level achieved is still quite high at 4 g/kW h. In MODE 2, as EGR is added, both lower NOx and P values are found. However, in both cases the P values are substantially higher than 1, implying that soot-NOx behavior correlates better with aromaticity than with CN. The data suggests that in MODES 1 and 2, both characteristic to HTC, the added value in using a GTL lies not in its higher CN, but in its lower aromaticity.
MODE 3
In MODE 3, the intake pressure is lowered to reach even cooler in-cylinder conditions. With these settings, the variation in PM emissions between the GTL fuels is similar to the variation between DS52 and FT52 (Fig. 12) . This finding implies that aromaticity and CN hold comparable sway over the soot-NOx tradeoff. Probably, because of this longer ID, the local air/fuel-ratio is sufficiently high to combust most of the aromatics, which accordingly no longer tend to act as soot precursors [1] . In MODE 3, the optimal fuel is thus one with a low CN and without aromatics.
MODE 4
In MODE 4, the CR is lowered to reach cooler in-cylinder conditions still. Under these circumstances, CN clearly correlates better with the soot-NOx trade-off than aromaticity. Compare for instance FT52 and FT72 in Fig. 14 , wherein it can be observed that both wholly paraffinic fuels have divergent soot emissions at equal NOx levels, with the magnitude of said spread growing with increasing EGR levels.
In fact, this divergence is so great that the high CN FT72 fuel now produces more PM than conventional diesel fuel, despite the latter fuel being comprised of nearly 15% aromatics (Table 3) .
Earlier research conducted in an optical DICI engine concluded, based on soot luminosity data, that when the ID is sufficiently long, as is the case for the low reactive aromatic fuel in question, anisole, the soot formation process is suppressed vis-à-vis other, higher CN oxygenates [26] .
This study suggests that, in the case of anisole at least, oxygenated aromatics tend not to act as soot precursors when there is a pronounced premixed combustion phase, else soot would be formed from said precursors and, ultimately, manifest in a higher luminosity signal. Accordingly, the positive effect on soot (i.e., more premixing due to low CN) appears to outweighs the negative, precursor related one under LTC conditions.
Conclusions
The main results of this study are summarized in Table 6 . The symbols ''+", ''À" and ''o" indicate the relative ranking of the fuels with respect to the soot-NOx trade-off. Furthermore, a new parameter P is introduced to discern between HTC and LTC. 
HTC regime (P > 1)
When P is higher than one (MODES 1, 2) the best soot-NOx trade-off is realized by a fuel with low aromaticity (FT52 and FT72). It is assumed that P > 1 corresponds to HTC or diffusion combustion as a negative impact of aromaticity is observed and there is no discernable benefit of high CN at equal aromaticity. In HTC mode, premixing is all but absent, regardless of CN. Moreover, in diffusion flames, aromatics tend to behave as soot precursors, thereby negatively impacting soot emissions.
Transitional regime (P % 1)
At unity (MODE 3), CN may be lowered with impunity by increasing the aromatic content as far as aforementioned tradeoff is concerned. Here, it is assumed that both the diffusion and premixed combustion phases are important. It is clear when comparing FT72 and DS52 that the positive impact of aromatics in LTC (e.g., more premixing due to lower CN) is held in check by their negative attribute in HTC mode (e.g., soot precursors). The best results, however, are achieved for a fuel that has both low CN and low aromaticity.
LTC regime (P < 1)
Once P dips below unity, higher CN (FT72) manifests in an even greater handicap than aromaticity (DS52) with respect to the sootNOx trade-off, suggesting that regardless of how a reduction in CN is achieved, be it via aromatics (DS52) or isomerization (FT52), the outcome is always positive. Still, the best results are achieved for the fuel with both low CN and low aromaticity.
The goal of this paper to discern in a quantitative sense between the HTC and LTC regimes has been achieved by means of the introduction of a new parameter P, which effectively evaluates if aromaticity and CN impact the soot-NOx trade-off in a manner characteristic of either diffusion (HTC ! P > 1) or premixed flames (LTC ! P < 1). Irrespective of P, the best trade-off is realized at low aromaticity. At equal aromaticity, there is no discernible benefit of a high CN. In fact, when P < 1, a high CN is even more detrimental, with respect to the soot-NOx trade-off, than is the presence of aromatics.
Accordingly, two main conclusions can be drawn from the results. First, at equal aromaticity, there is no discernible benefit of a high CN with respect to the soot-NOx trade-off in the HTC mode. In fact, when operating in the LTC regime, a high CN even results in a penalty in aforementioned trade-off. Second, at equal CN, increased aromatic content always has a negative impact on the soot-NOx trade-off, irrespective of combustion mode. Our results demonstrate that, with respect to the soot-NOx trade-off, the first and second dogma is valid in neither and both of the combustion modes, respectively.
The added value of this work is to provide design rules on requisite fuel properties (e.g., aromaticity, CN) for various scenarios with respect to the direction of future diesel engine technology, which might be taken into account when designing future fuel production facilities.
Fig. B.1 shows that at low loads the indicated thermal efficiency is approximately 44%. At higher loads, this efficiency decreases. In part, this is because of the higher CO emissions (Appendix C), however, the main reason is the longer combustion duration, which results in a less optimal combustion phasing. Overall, the differences in efficiency amongst the fuels are small.
B.2. MODE 2
The efficiencies remain in the 42-44% range, with indicated thermal efficiency decreasing slightly at higher EGR levels (Fig. B.2 ). This phenomenon is mainly attributable to higher CO emissions, particularly as lambda approaches 1.
B.3. MODE 3
The intake pressure is lowered from MODE 2 to MODE 3. No clear differences are observed (Fig. B.3) .
B.4. MODE 4
Fig. B.4 depicts the indicated thermal efficiency for MODE 4 wherein the CR was lowered compared to the other modes. As might be expected in light of the reduced CR, the efficiencies are lower for all fuels. Again, the differences amongst the fuels are relatively small.
Appendix C. CO and HC emissions MODE 1
The trend of increasing CO levels for higher loads observed in Fig. C.1 can be explained to a large extent by the fact that lambda approaches its stoichiometric value.
In Fig. C.2 , the HC emissions are presented as function of load, whereby all fuels perform below Euro V levels and HC decreases for higher loads. This behavior is most likely due to the high overall temperatures in the cylinder whereby mixing conditions in nearly all locations in the chamber are within the flammability limits.
Finally, especially at low loads, the high CN fuel yields lower HC emissions. The reason is most likely the shorter ignition delay, for this affects the fraction of fuel that can reach the crevices prior to auto-ignition.
Appendix D. Absolute soot-NOx trade-offs for DS52
In the main text of this paper, the relative soot-NOx trade-offs are shown. Fig. D.1 presents the absolute values for this trade-off for diesel fuel (DS52) in all MODES. It is clear that this trade-off improves when switching from MODE 1 to the cooler burning, more premixed MODES.
Appendix E. Repeatability
During all the performed measurements, points have been remeasured on a regular basis in order to check the repeatability. First, the complete set has been measured, whereafter some points have been repeated. In all cases, the results were in good agreement. In MODE 3, first the complete set with diesel has been measured, then the GTL fuels and, finally, the complete set with diesel is repeated (1 week later). 
